Plants have a remarkable ability to perceive and respond to various wavelengths of light and initiate regulation of different cascades of light signaling and molecular components. While the perception of red light and the mechanisms of its signaling involving phytochromes are largely known, knowledge of the mechanisms of blue light signaling is still limited. Chemical genetics involves the use of diverse small active or synthetic molecules to evaluate biological processes. By combining chemicals and analyzing the effects they have on plant morphology, we identified a chemical, 3-bromo-7-nitroindazole (3B7N), that promotes hypocotyl elongation of wild-type Arabidopsis only under continuous blue light. Further evaluation with loss-of-function mutants confirmed that 3B7N inhibits photomorphogenesis through cryptochrome-mediated light signaling. Microarray analysis demonstrated that the effect of 3B7N treatment on gene expression in cry1cry2 is considerably smaller than that in the wild type, indicating that 3B7N specifically interrupts cryptochrome function in the control of seedling development in a light-dependent manner. We demonstrated that 3B7N directly binds to CRY1 protein using an in vitro binding assay. These results suggest that 3B7N is a novel chemical that directly inhibits plant cryptochrome function by physical binding. The application of 3B7N can be used on other plants to study further the blue light mechanism and the genetic control of cryptochromes in the growth and development of plant species.
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Introduction
Light is an essential environmental stimulus for successful plant growth. Plants employ different groups of photoreceptors that monitor various wavelengths of light (Jiao et al. 2007 , Kami et al. 2010 . Upon absorption of a photon of light, the signal follows through a series of molecular interactions in metabolic pathways leading to developmental and physiological responses that best adapt the plant to the prevailing light environment (Möglich et al. 2010 ). Plant photoreceptors respond to different wavelengths of light and function in germination, shade avoidance, stomatal opening, phototropisms, de-etiolation, modulation of the circadian clock and control of flowering time (Liu et al. 2011, Galvão and Fankhauser 2015) . In early seedling development, photomorphogenesis and de-etiolation in Arabidopsis are closely linked to both phytochrome and cryptochrome (CRY) photoreceptors (Ahmad and Cashmore 1997) . Phytochromes (phyA-phyE) function to absorb red and far-red light at wavelengths of 650-750 nm (Franklin and Quail 2009) while the CRYs (CRY1 and CRY2) respond to blue and UV-A light of 350-500 nm (Lin 2002 , Liu et al. 2011 .
Loss of function of CRY1 impairs blue light suppression of hypocotyl elongation (Ahmad and Cashmore 1997) . Besides controlling hypocotyl elongation, CRYs are also involved in a number of growth developmental processes including stomatal opening, pigment synthesis (anthocyanin) and control of flowering time (Lin 2002 , Giliberto et al. 2005 . Studies on blue light signaling demonstrate that the control of plant flowering time involves cryptochrome-interacting basic-helix-loop-helix 1 (CIB)-dependent CRY2 regulation and CIB1 activates FLOWERING LOCUS T (FT) expression by interaction with its promoter region (Liu et al. 2013 ). On the other hand, the function of CRYs in determining the state of seedling development involves Suppressor of phyA 1 (SPA1)/Constitutively Photomorphogenic 1 (COP1)-dependent CRY regulation. SPA1/COP1 physically interact with each other and degrade several transcription factors [Elongated Hypocotyl 5 (HY5) HY5-Homolog (HYH) and CONSTANS (CO)], resulting in changes in the expression profile of light-regulated genes (Li and Yang 2007 , Hong et al. 2008 , Fankhauser and Ulm 2011 , Liu et al. 2011 . A number of regulatory proteins, including AtPP7 (Arabidopsis Serine/Threonine Phosphatase 7, HFR1 (Long Hypocotyl in Far-red 1), SUB1 (Arabidopsis calcium-binding protein 1), HRB1 (Hypersensitive to Red and Blue), OBP3 (OBF-binding protein 3), MYC2/ZBF1 (MYC2/Z-box binding factor 1) and GBF1/ZBF2 (G-box binding factor 1/Z-box binding factor 2) (Guo et al. 2001 , Kang et al. 2005 , Yadav et al. 2005 , Zhang et al. 2008 , Singh et al. 2012 have been reported to function in CRY-mediated blue light signaling. However, the mechanisms of seedling development mediated by CRYs are still largely unknown.
The introduction of chemical genetics to plant biology has opened up a new approach to dissect plant development further (McCourt and Desveaux 2010) . The combination of chemicals and molecular complexity to new phenotypes that can be further described through the perturbation of cellular functions linked to the induced phenotypes demonstrates the power and untapped potential of this research approach (Hicks and Raikhel 2012) . The application of chemicals as a tool for genetic screening has been applied to animal cells where chemical inhibitors that change the rhythm of the circadian clock have been discovered (Chun et al. 2014) . Its use to increase understanding of plant biology is also grabbing attention, and there are many examples that mark its successful application in this area and the important breakthroughs that are being made. These include highlighting four inhibitors of auxin activation (Armstrong et al. 2004) , the discovery of a chemical named cobtorin that was found to inhibit the parallel alignment of cortical microtubules and cellulose microfibrils (Yoneda et al. 2007 , Yoneda et al. 2010 ) and, most recently, an intensive study into the chemical regulation of jasmonate signaling which discovered that a novel chemical, jarin, impairs the activity of a key enzyme, JA-Ile synthase (Meesters et al. 2014) .
Here we applied a phenotype-based chemical biology approach to investigate Arabidopsis light signal transduction. We identified a chemical, 3B7N (3-bromo-7-nitroindazole), which functions as an inhibitor of blue light signaling by regulating seedling development through enhancement of hypocotyl elongation and inhibition of cotyledon expansion. Further evaluation of the chemical suggested that suppression of photomorphogenesis resulted from inhibition of CRY signaling by direct binding of 3B7N to CRY1.
Results

A chemical inhibits blue light-mediated suppression of hypocotyl elongation
To identify small molecule enhancers of early Arabidopsis seedling development, a chemical library consisting of 3,680 chemicals was used on wild-type (WT) Columbia (Col-0) seeds. Seeds were treated with concentration of 2.5 mM of each chemical and grown in liquid medium in 96-well microtiter plates under continuous blue light. Chemical-treated 6-day-old seedlings were compared with controls treated with dimethylsulfoxide (DMSO), and 82 chemicals that caused elongated hypocotyls were selected for further tests under various wavelengths of light. In the second-round screening, WT seeds were incubated with the candidate chemicals under blue, red and far-red light.
Comparison of seedling profiles across the different light conditions identified one specific chemical, 3B7N, that promoted hypocotyl elongation specifically under blue light ( Supplementary Fig. S1 ). To confirm the result of the liquid assay, WT seeds were grown on agar plates containing 2.5 mM 3B7N (Fig. 1A) . As expected, 3B7N enhanced hypocotyl growth only under blue light and not in darkness, red or far-red light (Fig. 1B) . These results suggested that 3B7N-mediated regulation of hypocotyl elongation in a blue light-specific phenomenon.
3B7N inhibition of seedling development is dependent on chemical concentration and light intensity
It is possible that different doses of the chemical provide different degrees of physiological change. Therefore, Arabidopsis WT seeds were treated with a series of concentrations of 3B7N under increasing fluence rates of continuous blue light from as low as 1 to 15 mmol m -2 s -1
. Increasing light intensity proportionally inhibits hypocotyl elongation. Without 3B7N, hypocotyl length is longest at 1 mmol m -2 s -1 and reduces as the blue light intensity increases. With 0.5 mM 3B7N, hypocotyl length is longer than the control at all intensities tested. This result indicated that 3B7N is able to promote hypocotyl elongation at concentrations as low as 0.5 mM (Fig. 2) .
At concentrations of >2.5 mM, 3B7N-treated hypocotyl lengths were almost the same under the various blue light intensities examined, although the hypocotyl elongation tended to reduce in accordance with the increase in light intensity. These results indicate that the inhibitory effect on hypocotyl length of 3B7N under blue light is obvious at a concentration of 2.5 mM. We also investigated the effect of 3B7N on WT seeds at much higher blue light intensities, and elongation in hypocotyl length was still evident at an intensity as high as 25 mmol m -2 s -1
( Supplementary Fig. S2 ). To select the optimum conditions for further experiments, the hypocotyl length at each 3B7N concentration was normalized against the different light intensities. The results are summarized in Supplementary Fig. S3 , which shows that hypocotyl length increases and reaches a plateau at 5 mM 3B7N. In order to eliminate other possible physiological effects of 3B7N, a concentration of 2.5 mM was chosen. Thus, monochromatic blue light of 10 mmol m -2 s -1 and 2.5 mM 3B7N were used in subsequent hypocotyl measurement experiments. We also investigated the effect of 3B7N at 2.5 mM on hypocotyl elongation under several intensities of red or far-red light. The results showed that in all light intensities of red or far-red, we could not observe enhancement of hypocotyl elongation ( Supplementary Fig. S4 ). We observed a small reduction of hypocotyl length under red light with 3B7N. This reduction may represent some cross-talk between phytochrome and CRYs or that some effects of the indazole molecule appear mainly under red light ( Supplementary Fig. S6 ).
Relationship of structure of 3B7N analogs to hypocotyl elongation
Since it is known that 3B7N is a neuronal nitric oxide (NO) synthase inhibitor in mammals (Bedrosian et al. 2012) , we examined the NO inhibitory effect on hypocotyl response under blue light. Three known NO scavengers, No-nitro-Larginine methyl ester hydrochloride (L-NAME), diethylamine NONOate sodium (DEA-NONOate) and 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (c-PTIO) were evaluated. At a concentration of 5 mM, only seedlings with 3B7N displayed elongated hypocotyls under blue light irradiation, while L-NAME, DEA-NONOate and c-PTIO gave hypocotyl lengths similar to that of the control treated with DMSO. This result suggests that NO regulation did not contribute to the phenotype caused by 3B7N on Arabidopsis WT seedlings ( Supplementary Fig. S5 ).
To gain insight into the possible relationship between the structure of 3B7N and the induced phenotype, a total of seven analogs were evaluated (Fig. 3A) . All the analogs contained two main core structures, diazole and benzene groups, but had differences in the presence, absence or position of side residues attached to the main structure (diazole and benzene). For evaluation, the analogs were used at a final concentration of 2.5 mM. Three analogs (A2, A6 and A7) produced longer hypocotyls compared with the DMSO control under blue light (Fig. 3B) . These three chemicals produced few changes in hypocotyl response under red and far-red light. However, none of the positive analogs induced hypocotyls with lengths longer than the control ( Supplementary  Fig. S6 ). A6 which has Br replaced with I showed the strongest effect on blue light hypocotyl inhibition of the analogs examined. The removal of Br (A2) or the relocation of NO 2-(A7) to another location reduced the inhibitory effect, indicating that the existence of Br or a halogen moiety and the correct location of NO 2-are required for inhibition. Removal of NO completely removed the inhibitory effect. These results indicate that proper arrangement of the halogen moiety and NO 2-against indazole is important to inhibit blue light suppression of hypocotyl.
Each of these three analogs provides a distinctive strength of inhibition in blue light signaling. 3B7N gives the longest hypocotyl length, while the two analogs produce different levels of blue light signaling inhibition. To measure these levels, growth induced by 3B7N was used for comparison. 3-Iodo-7-nitroindazole (A6) scored 0.7 followed by 3-bromo-6-nitroimidazo[1,2-a]pyridine (A7) with 0.3, and 7-nitroindazole (A2) with 0.23. The different degrees of inhibition induced by the chemicals tested here provide an indication that morphological changes induced by chemical treatments create different molecular kinetics that may in turn provide a promising approach for investigation of unknown mechanisms underlying plant physiology.
Blue light signal mediated by cryptochromes is involved in 3B7N promotion of hypocotyl elongation
To investigate whether photoreceptors are involved in mediating the hypocotyl changes caused by 3B7N treatment, photoreceptor mutants were evaluated. Interestingly, the double mutants phyAphyB and cry1cry2 showed different hypocotyl responses to 3B7N when compared with their control treatment. phyAphyB grown in the presence of 3B7N showed elongated hypocotyls under continuous blue light irradiation, while cry1cry2 showed no significant change in hypocotyl elongation (Fig. 4A) . These results suggest that the blue light signaling mediated by CRYs is required for 3B7N promotion of hypocotyl elongation.
To understand further the role of each CRY in regulating hypocotyl elongation during 3B7N treatment, single mutants as well as overexpressors of the CRY1 and CRY2 genes were evaluated. The cry2 mutant displayed a 2-fold increase in hypocotyl elongation while there was no significant change in cry1.
Overexpressors CRY1-OX and CRY2-OX, however, showed some changes in hypocotyl length. CRY2-OX had a more elongated hypocotyl with 3B7N treatment than CRY1-OX when compared with the control. These results show that 3B7N is involved in the blue light signal mediated by both cryptochromes, and CRY1 is the major photoreceptor for the signal transduction affected by 3B7N.
3B7N suppression of photomorphogenesis occurs upstream of COP1
Photoreceptors receive light. Active photoreceptors then interact with other molecular components, resulting in the stabilization or degradation of transcription factors, thus allowing an orchestrated change in the expression of light-controlled genes (Zhang et al. 2011) . Interactions between the CRYs and COP1 are involved in the determination of HY5 protein stability for the initiation of photomorphogenesis that underlies CRY signaling (Li and Yang 2007) . To evaluate the mechanism of 3B7N, hypocotyl elongation of two weak alleles of COP1 were evaluated. Both cop1-4 and cop1-6 showed no significant change in hypocotyl elongation after 3B7N treatment under blue light (Fig. 4B) . These results suggest that 3B7N inhibition of CRY signaling occurs upstream of COP1. However, the hy5 mutant showed elongated hypocotyls in the presence of 3B7N (Fig. 4B) . The HYH protein has been reported to have a function that, in part, overlaps with that of HY5 (Holm et al. 2002) . Further validation with the double mutant hy5hyh showed a marginal increase in hypocotyl elongation with 3B7N treatment. Besides HY5 and HYH, HFR1 and LAF1 (Long After Far-red Light 1) had been reported to be involved in Arabidopsis photomorphogenesis (Yang et al. 2005 , Jang et al. 2007 ). Their hypocotyl responses with 3B7N are profiled in Supplementary Fig. S7 . These downstream regulators may contribute to the marginal increase in hypocotyl length of hy5hyh with 3B7N treatment.
3B7N changes cotyledon size under blue light
The morphology of etiolated Arabidopsis seedlings includes elongated hypocotyls and folded apical hooks (Josse and Halliday 2008) . In addition to hypocotyl elongation, expansion of the cotyledons was monitored under two different parameters, 3B7N concentration and blue light intensity. Under continuous blue light irradiation at 10 mmol m -2 s -1
, 6-day-old seedlings grown with 2.5 mM 3B7N display small and open cotyledons ( Supplementary Fig. S8A ). At 5 mmol m -2 s -1 of blue light, WT seedlings without 3B7N show open and expanded cotyledons ( Supplementary Fig. S8B ). However, seedlings with 3B7N at 2.5 or 15 mM display small cotyledons, and at 15 mM seedlings with closed cotyledons are frequently observed ( Supplementary Fig. S8B3 ). This result indicates that 3B7N inhibits not only blue light-mediated suppression of hypocotyls but also expansion of cotyledons. Besides control of de-etiolation, blue light is involved in plant flowering time. To investigate the effect of 3B7N on flowering time, WT plants were grown on plates containing DMSO or 2.5 mM 3B7N under white light 16 h day/8 h night conditions. The result showed that bolting time of plants with 3B7N is not significantly different from that of the control ( Supplementary Fig.  S9 ), indicating that 3B7N had little effect on flowering time.
Transcriptional profile of 3B7N regulation of hypocotyl elongation
To understand blue light-mediated suppression of hypocotyl length and cotyledon expansion by 3B7N, two independent microarray experiments were conducted. In the first, expression profiles of blue light-irradiated (10 mmol m -2 s -1
) seedlings with 3B7N and its derivatives (A1 and A2) were compared. A1 shows almost the same morphology, but A2 causes a weak hypocotyl elongation effect under blue light (Fig. 3B) . Three biological replicates were prepared for each chemical treatment.
Overall results of sample clustering from the three chemicals and DMSO showed that A1, A2 and DMSO were clustered together while 3B7N was clustered separately ( Supplementary Fig. S10A ). Volcano plots featuring a comparison of the change in expression between A1 and the DMSO control showed no significant change in gene expression among the 44,000 probes screened ( Supplementary Fig.  S10B ). However, comparison of A2 with DMSO detected a small number of genes with down-regulated expression ( Supplementary Fig. S10C ). All these genes were annotated in terms of molecular function ontology categories as binding, catalytic activity and enzyme regulator activity.
On the other hand, WT seedlings treated with 2.5 mM 3B7N have a total of 1,406 genes that altered expression under blue light irradiation ( Supplementary Fig. S10D ). Gene Ontology annotation of genes significantly regulated by 3B7N showed that 1,056 genes (49%) were classified under biological processes. A total of 806 genes were grouped under the molecular functions category, while only a small percentage of genes were under cellular component ontology (270; 13%). Subcategory classification of genes in each of the ontology categories is shown in Supplementary Fig. S11 . The genes regulated by 3B7N encode approximately 950 proteins, which can be categorized into 25 main protein classes. The classes containing the largest numbers of proteins are oxidoreductase, transferase, hydrolase, nucleic acid binding and transporters (see also Supplementary Fig. S12 ). A small number of genes that had significant regulation encode transcription factors or proteins involved in either calcium binding or signaling.
In the second microarray experiment, expression changes in WT and cry1cry2 mutant seedlings grown under continuous blue light (5 mmol m -2 s -1
) for 4 d with 15 mM 3B7N were evaluated. Clustering of all gene expression in the WT and cry1cry2 in the presence and absence of 3B7N clearly corresponds to the morphological profile of the seedlings (Fig. 5A) . Two-dimensional principal component analysis (PCA) also showed that cry1cry2 with DMSO control and cry1cry2 with 3B7N are plotted in the narrow area, while the WT with 3B7N is relatively far from WT with DMSO (Fig. 5B) , indicating that the effect of 3B7N treatment on gene expression in cry1cry2 is considerably smaller than that in the WT. The results are consistent with those of the mutant experiments shown in Fig. 4 where 3B7N did not affect hypocotyl elongation in cry1cry2 compared with the WT. At 3B7N treatment of 2.5 mM, expression of 1,406 genes was altered in the WT (Supplementary Fig. S10D ), and 2,905 genes were significantly expressed in WT seedlings with 3B7N treatment at 15 mM (Fig. 5C) .
3B7N treatment on cry1cry2 seedlings detected 469 genes that changed significantly (Fig. 5D ). This is a small fraction in comparison with the large number (2,905) in the WT and provides supporting evidence that most of the effect by 3B7N on gene expression is canceled by the cry1cry2 mutation. The discovery of this subset of genes affected by 3B7N in cry1cry2 may suggest that the function of this chemical is not restricted to CRYs or the blue light signal. To evaluate further 3B7N physiological inhibition of CRY function, expression profiles of the WT with treatment with DMSO and 3B7N were compared with DMSO-treated cry1cry2 (Fig. 5E, F) . Approximately half of the subset of CRY-regulated genes were disrupted (Fig. 5F ).
3B7N directly binds to CRY1 protein in vitro
Treatment of 3B7N did not significantly affect expression of the CRY1 gene ( Supplementary Fig. S13 ). From the results described above, we speculate that CRY1 can be a target of 3B7N. We performed an in vitro binding assay of 3B7N with CRY1 or FLB2 (FOX long under Blue light 1)/BIC2 (Blue-light Inhibitor of Cryptochromes 2) proteins. FLB2/BIC2 is another blue light signal protein (Wang et al. 2016) . HA-tagged recombinant CRY1 and FLB2/BIC2 proteins were synthesized using a wheat germ in vitro synthesis system (Fig. 6A) and mixed with 3B7N-or A1 derivative-attached agarose beads followed by pull-down of the chemical beads. Western blot analysis showed CRY1 bound to 3B7N strongly while it binds weakly to A1. On the other hand, FLB2/BIC2 could not bind to 3B7N and A1, and we could not obtain any bands in this experiment (Fig. 6B) . This result indicates that CRY1 protein is a direct target of 3B7N and that the interaction between CRY1 and 3B7N is responsible for inhibition of CRY1 function.
Discussion
Seedling development greatly depends on the early signals that are received, and the global success of plants is largely controlled by the light they perceive. Visible light can be categorized into various colors by wavelength (von Arnim and Deng 1996) . Plants have evolved by equipping themselves with a range of different photoreceptors that sense diverse light wavelengths initiating different cascades of signaling pathways resulting in various changes in growth and development (Chen et al. 2003 , Jiao et al. 2007 . In this context, we applied chemicals to observe their effects on early seedling development under different monochromatic light irradiations. Seedlings grown under specific light wavelengths have distinct phenotypes including short hypocotyls and open green cotyledons. Screening of a pool of chemicals identified 3B7N that enhances hypocotyl elongation particularly under monochromatic blue light (Fig. 1) . In addition, the cotyledon size of 3B7N-treated seedlings was reduced ( Supplementary Fig. S8 ). This implies that signaling pathways for blue light photoreceptors are regulated by 3B7N.
When mutations in genes coding for photoreceptor proteins were evaluated, the different relative growth of the respective mutants grown on 3B7N compared with the control (DMSO) showed interesting results (Fig. 4) . First, from observations on the hypocotyl response of double mutants, it can be concluded that CRYs are clearly implicated in the suppression of photomorphogenesis by 3B7N disrupting CRY signaling. Of the CRYs, CRY1 appears to play a more important role than CRY2, as the single mutant cry1 and overexpressor CRY1-OX show no significant change in hypocotyl length in the presence or absence of 3B7N. Furthermore, cry2 and CRY2-OX with 3B7N treatment display elongated hypocotyls, and the cry2 mutant displays a similar hypocotyl elongation pattern to the WT, with a 2-fold increase in growth with 3B7N compared with DMSO. This result supports the reported role of CRY1 functioning in early seedling development under blue light (Yang et al. 2001 , Sharma et al. 2014 .
Light-related mutants generally display one or more common characteristics including a change in the length of the hypocotyl or petiole, a color change of the cotyledon and/or changes in the size of the cotyledons (Franklin et al. 2005) . As well as having an elongated hypocotyl, the WT treated with 3B7N displays open green cotyledons. Seedlings grown with 3B7N have an apparent cotyledon size reduction ( Supplementary Fig. S8 ) and, at a concentration of 15 mM 3B7N, cotyledons are yellowish green in color. Both CRY1 and CRY2 have been reported to mediate blue light stimulation of cell expansion in cotyledons (Blum et al. 1994 , Lin et al. 1998 . Together, the hypocotyl and cotyledon results support the hypothesis that 3B7N interferes with Arabidopsis seedling development by disrupting the function of CRYs in blue light signaling. This speculation was supported by physical interaction between 3B7N and CRY1 by an in vitro binding assay (Fig. 6) . In addition, the observed phenotypes after 3B7N treatment imply that the same cryptochrome signaling mechanism may trigger opposite cellular responses in the different cells in hypocotyls and cotyledons.
Transcriptional regulation of photomorphogenesis can be broadly classified as either negative or positive (Deng et al. 1991 , Oyama et al. 1997 . When seedlings are grown under light, hypocotyl elongation is suppressed. CRY involvement in photomorphogenesis comprises two key components, COP1 and HY5 proteins. In the presence of light, COP1 binds to active CRY1, thus allowing the accumulation of HY5 protein Spalding 2007, He et al. 2015) . In darkness, COP1 in turn drives the degradation of HY5 protein, thus turning off the expression of light-driven genes (Osterlund et al. 2000) . It is possible that 3B7N inhibits CRY1-COP1 interaction by physical binding to CRY1 protein, thus permitting COP1 to degrade HY5 protein, resulting in the long hypocotyl morphology that was observed. The marginal difference in hypocotyl length in hy5hyh with 3B7N treatment might be the result of HFR1 regulating photomorphogenesis. HFR1 has been reported to play a role in blue light signaling. In blue light, COP1 exhibits ubiquitin ligase activity towards HFR1 in vitro and COP1 degrades HFR1 through a 26S proteasome-dependent pathway in vivo (Yang et al. 2005) .
Evaluation of whole transcript expression through microarray analyses also provided a good insight into the regulation of physiology by chemicals. First, when compared with controls, the expression after treatment with the different chemicals (3B7N and its analogs) clearly demonstrated that the number of genes detected that were significantly expressed correlated with the degree of hypocotyl elongation. Moreover, it also reveals the importance of gene transcriptional regulation in early Arabidopsis seedling development. In the second microarray analysis, there was an interesting finding on 3B7N's inhibition of CRY suppression of photomorphogenesis (Fig. 5) . When the whole transcript expression profiles were clustered according to treatment, it was found that both DMSO and 3B7N treatments on cry1cry2 were similar and clustered together, and the WT treated with 3B7N was closely related to the cry1cry2 cluster. This result strongly supports the morphology of the seedlings whereby cry1cry2 in DMSO and with 3B7N treatment have about the same hypocotyl length while the WT with 3B7N has a morphology closer to that of cry1cry2 than to that of the WT in DMSO. Microarray analysis detected that about half of the genes regulated by CRYs under blue light were disrupted by 3B7N treatment (Fig. 5E) , while the same treatment on the cry1cry2 mutant detected a subset of genes suggesting another possible function of 3B7N. However, this is unlikely to link the regulation of the hypocotyl elongation under blue light observed in the WT as 3B7N treatment on cry1cry2 under blue light produced no significant elongation compared with the control. 3B7N may be involved in another metabolic change in Arabidopsis besides interrupting CRY function in early hypocotyl and cotyledon development. Despite its known effect on mammalian cells (Gocmez et al. 2015) , there have been no reports on how 3B7N affects plant physiology. Our experiments connect the chemical to phenotypic changes under different wavelengths of light and prove 3B7N to modulate hypocotyl growth under monochromatic blue light through CRY signaling.
Conclusion
This is the first report of the identification of chemicals regulating hypocotyl growth involving CRY blue light signaling in Arabidopsis thaliana. Our experimental approach, which for the first time connects morphological changes in seedlings induced by chemicals to different light wavelengths, has successfully identified 3B7N that regulates hypocotyl growth only under blue light.
Step-by-step deduction of 3B7N's disruption of CRY signaling based on hypocotyl length responses of known loss-offunction mutants has been able to pinpoint that the interruption of the signal occurs between the CRY1 and COP1 proteins by physical interaction between 3B7N and CRY1.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana mutants are either in the Columbia (Col-0) or Wassilewskija (Ws) background. Seed stocks of the A. thaliana photomorphogenic mutants including phyAphyB, cry1cry2, cry1, cry2, hy5, cop1-4, cop1-6, hfr1 and laf1 were obtained from the Arabidopsis Biological Resource Center (Ohio State University). Seeds of the overexpressor lines CRY1-OX and CRY2-OX (Lin et al. 1996 , Lin et al. 1998 were provided by Dr. Chentao Lin, while the hy5hyh seeds were a generous gift from Dr. Xing-Wang Deng (Holm et al. 2002) . Sterilized seeds were sown on half-strength Murashige and Skoog (MS) medium, Gamborg vitamins (JRH Biosciences) and MES, pH 5.7 for liquid assays or with 1% agar for solid medium. Plates were kept in the dark at 4 C for 3 d before germination.
Light source and intensity
Arabidopsis seedlings were irradiated with monochromatic LED (light-emitting diode) light of blue, red and far-red. To test the effect of different blue light intensities on hypocotyl growth, fluence rates of 1, 5, 10 and 15 mmol m -2 s -1 were used. For red and far-red light, fluence rates of 10 and 1 mmol m -2 s -1 were used, respectively.
Chemical library and liquid assay screening
The Library of Active Compounds on Arabidopsis (LATCA) consisting of a total of 3,680 chemicals was used. The library contains compounds that have activity on phenotype-based screens of Arabidopsis, compounds that have been identified as growth inhibitors in yeast, Saccharomyces cerevisiae, herbicides, common inhibitors, plant hormones and other bioactive compounds.
Large-scale screening of the LATCA chemicals was conducted on 4-6 seeds of WT Col-0 grown in 50 ml of half-strength MS medium with Gamborg vitamins (JRH Biosciences) and MES, pH 5.7. Primary screening for all the chemicals was conducted in liquid medium in 96-well plates. For each plate, the first column was treated with DMSO at a ratio of 1 : 100. The chemicals at a final concentration of 2.5 mM were added to the medium containing the seeds and the plates were placed under continuous blue light irradiation for 6 d. Images of the seedlings were captured using an Olympus IX-81 camera (Olympus).
Chemicals for hypocotyl length assessment
3B7N and its analogs were dissolved in DMSO and added to agar medium at a temperature of <50 C, mixed, plated and kept at 4 C until used. The analogs used to evaluate hypocotyl growth are listed in Table 1 .
Hypocotyl length measurements
Hypocotyl images were taken after 6 d of irradiation under the respective monochromatic light using a Nikon camera equipped with an AF-S DX Zoom-Nikkor 18-70 mm f/3.5-4.5G IF-ED Lens, and all measurements were calculated using ImageJ software. Quantitative data represent an average of at least 25 seedlings per treatment with a total of three replicates for each condition. For synchronization of hypocotyl measurements between different light sources, seedlings were exposed to red light (10 mmol m -2 s -1
) for 3 h and incubated in the dark for 6 h before continuous light treatment under the different light sources for 6 d. Statistical analysis included one-way analysis of variance (ANOVA) conducted on the hypocotyl measurements, and the Student's t-test (P < 0.05) was used to determine significant changes in hypocotyl length with 3B7N compared with DMSO. ) of the chemical, were harvested. Expression profiling was conducted on the WT Col-0 background and the cry1cry2 mutant with or without chemical treatment with three independent biological replicates. Total RNAs were extracted using an RNeasy Plant Mini RNA kit (Qiagen) according to the manufacturer's instructions. Concentration, purity and integrity of the total RNAs were monitored using a NanodropND-1000 spectrophotometer version 3.1.0 (NanoDrop Technologies) and RNA 6000 Nano Chip on a Bioanalyzer 2100 (Agilent Technologies). Approximately 1 mg of total RNA was labeled with cy3 using an Agilent Quick Amp Labeling Kit. About 600 ng of each labeled sample were used for the microarray hybridization. Images were then scanned using an Agilent scanner G2505C US45103077 and all data from the images were extracted using Feature Extraction Software. The raw files were investigated using GeneSpring version 12.1-GX (Agilent Technologies) with normalization of the signal intensity to the 75th percentile and transformation of the signal to log base 2. Statistical analysis was conducted where entities Genes with an expression change of !2-fold were identified in the WT background and were further compared for filtered expression in the cry1cry2 mutant. Microarray data from this research have been submitted to the Gene Expression Omnibus at the NCBI. Microarray data were applied for GeneSpring GX (version 12.6.1). We carried out two-dimentional hierarchical clustering on both genes and samples using normalized intensity values. For PCA, microarray data were separately normalized as described previously (Kurihara et al. 2014) . The two-dimensional PCA plot was depicted using R software.
Gene expression profiling
Gene annotations
As the nature of the main chemical used has a known function in humans and mice, genes were annotated using the PANTHER Classification System that was designed to classify proteins (and their genes) in order to facilitate highthroughput analysis based on families of evolutionarily related proteins and subfamilies of proteins that also have the same function (Mi et al. 2005 ).
Semi-quantitative RT-PCR
Reverse transcription and PCR were performed using a Primescript II 1st strand cDNA synthesis kit (TAKARA BIO INC.) and Quick Taq HS DyeMix (TOYOBO), respectively. Primers used were 5 0 -CCAAGTCACTGCTATGATTCCAG-3 0 and 5 0 -GATTCTGCAAGTAGCTAGACGTTG-3 0 for CRY1, and 5 0 -CTCAGGTATCGC TGACCGTATGAG-3 0 and 5 0 -CTTGGAGATCCACATCTGCTGGAATG-3 0 for ACT2. The PCR products were electrophoresed on 1.5% agarose gels containing GelRed (Biotium), and visualized under UV light. Intensities of detected bands were measured using ImageJ software (https://imagej.nih.gov/ij/).
In vitro binding assay and immunoblot analysis
To construct HA-tagged CRY1 and FLB2/BIC2 expression plasmids, the coding sequences of CRY1 and FLB2/BIC2 were amplified by PCR from the cDNA clone using the following primers: 5 0 -AAAACTCGAGATGTCTGGTTCTGTATCTGG-3 0 and 5 0 -AAAAGCGGCCGCTTAAGCATAATCTGGTACATCATATGGATACC CGGTTTGTGAAAGCCG-3 0 for CRY1, and 5 0 -AAAAGTCGACATGAAGAACAC CAATTTGCC-3 0 and 5 0 -AAAAGCGGCCGCTCAAGCATAATCTGGTACATCAT ATGGATAACAAGAACTCTCAACTCGA-3 0 for FLB2/BIC2. The PCR products were digested with XhoI for CRY1 or SalI for FLB2/BIC2 and NotI. The fragments were inserted into the XhoI-NotI site of pEU-His vector (CellFree Sciences) to make pEU-His-CRY1-HA and pEU-His-FLB2/BIC2-HA. The His-CRY1-HA and His-FLB2/BIC2-HA recombinant proteins tagged with 6 Â His at the N-terminus and the HA epitope at the C-terminus were synthesized in a wheat germ in vitro synthesis system (WEPRO 7240H Expression Kit, CellFree Sciences) and purified using Ni Sepharose TM 6 Fast Flow (GE Healthcare). A series of synthesis and purification was performed using automatic synthetic machinery, Proteomist Õ DTII (CellFree Sciences).
3B7N-and A1 derivative-photoaffinity linker-coated agarose beads were prepared as described in Kawatani et al. (2008) . The proteins were purified and the original buffer was replaced with binding buffer A (10 mM Tris-HCl pH 7.6, 50 mM KCl, 5 mM MgCl 2 , 1 mM EDTA, 10% glycerol and 0.025% Triton X-100). The recombinant proteins (75 mg) were incubated with 20 ml of 3B7N beads and control beads, respectively for 4 h at 4 C. The reacted beads were washed with binding buffer B (10 mM Tris-HCl pH 7.6, 50 mM KCl, 5 mM MgCl 2 , 1 mM EDTA) and then washed with binding buffer A. Bound proteins were eluted with SDS-PAGE buffer at 95 C for 5 min and separated on a 10-20% gradient SDS-polyacrylamide gel (Wako). After electrophoresis, the proteins were electrophoretically transferred to a PVDF transfer membrane (Millipore). After blocking the membrane with 5% skim milk in Tris-buffered saline (TBS; 50 mM Tris-HCl pH 7.6, 150 mM NaCl) for 30 min, the membrane was mixed with anti-HA antibodies conjugated with horseradish peroxidase (Roche), incubated for 1 h and washed three times for 10 min with TBST [TBS, . Bands were visualized using Chemi-Lumi One Super (Nacalai Tesque).
Supplementary data
Supplementary data are available at PCP online. 
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